Abstract Human anion exchanger 2 (AE2) is a plasma membrane protein that regulates intracellular pH and cell volume. AE2 contributes to transepithelial transport of chloride and bicarbonate in normal colon and other epithelial tissues. We now report that AE2 overexpression in colon cancer cells is correlated with expression of the nuclear proliferation marker, Ki67. Survival analysis of 24 patients with colon cancer in early stage or 33 patients with tubular adenocarcinoma demonstrated that expression of AE2 is correlated with poor prognosis. Cellular and molecular experiments indicated that AE2 expression promoted proliferation of colon cancer cells. In addition, we found that transcription factor EGR1 underlies AE2 upregulation and the AE2 sequester p16INK4a (P16) in the cytoplasm of colon cancer cells. Cytoplasmic P16 enhanced ERK phosphorylation and promoted proliferation of colon cancer cells. Gastrin inhibited proliferation of colon cancer cells by suppressing expression of EGR1 and AE2 and by blocking ERK phosphorylation. Taken together, our data describe a novel EGR1/AE2/P16/P-ERK signaling pathway in colon carcinogenesis, with implications for pathologic prognosis and for novel therapeutic approaches.
Introduction
Colon cancer is a major global public health problem with rapidly rising incidence. Current estimates of annual deaths from colon cancer in China range from 60,000 to 90,000. Our molecular understanding of the genetic and epigenetic changes that drive the transformation of normal colonic epithelial cells and the progression of colon cancer has progressed rapidly. Examples include mutation or deletion of APC, MCC, and KRAS genes. These genetic changes disrupt or alter multiple signaling pathways such as Wnt/β-catenin, Notch, Hedgehog, epidermal growth factor receptor, Ras, and PI3K/Akt [1] .
Mitogen-activated protein kinases (MAPK) transmit cellproliferation signals from plasma membrane to nucleus. Among the MAPKs, ERK may be the most important for stimulation of cell proliferation [2, 3] . Intestinal epithelial differentiation is dependent on activation of the ERK MAPK pathway, and increasing evidence also suggests involvement of the ERK pathway in the pathogenesis and progression of human colon cancer [4] . Although the ERK MAPK cascade may have potential as a biomarker or as a therapeutic target for prevention or treatment of colon cancer, the molecular mechanisms underlying aberrant activation of the ERK pathway remain largely undefined.
The SLC4 bicarbonate transporter gene family includes the Na + -independent electroneutral anion exchangers AE1/ SLC4A1, AE2/SLC4A2, and AE3/SLC4A3 [5, 6] . AE1 is expressed predominantly in erythrocytes and renal type A intercalated cells; AE2 is widely expressed, but is most abundant in parietal cell of stomach and in choroid plexus [7] ; and AE3 is predominantly expressed in brain and heart. All members of AE polypeptides have three structural domains. An N-terminal cytoplasmic domain is followed by a transmembrane domain and completed by a short Cterminal cytoplasmic domain. The AEs mediate the exchange of Cl − /HCO 3 − to regulate intracellular pH and cell volume. Although the ion transport functions of AEs have been extensively studied, AE expression and function in tumorigenesis remain poorly characterized. We previously found that aberrant expression of AE1 and AE2 is associated with gastric carcinogenesis [8] , and others reported that AE2 was overexpressed in human hepatocellular carcinoma cells [9, 10] . However, the role of AE polypeptides in malignant transformation of the cells remains unclear.
We now report that AE2 was overexpressed in colon cancer in a largely cytoplasmic distribution, and under regulation of the transcription factor EGR1. AE2 interacted with tumor suppressor P16 in the cytoplasmic region of colon cancer cells, leading to activation of a novel EGR1/AE2/P16/P-ERK signaling pathway. Gastrin inhibited EGR1 expression, leading to downregulation of AE2 and P16, ERK dephosphorylation, and growth inhibition of colon cancer cells.
Materials and methods

Antibodies and reagents
For immunoblotting, the antibodies below were used in this study: anti-AE2 C-terminal antibody [11] , anti-cyclin D1 (sc-8396, Santa Cruz Biotechnology, Santa Cruz, CA, USA), anti-P-ERK (Cell Signaling Technology, Danvers, MA, USA), anti-ERK (Cell Signaling), anti-β-catenin (sc-59737, Santa Cruz), anti-P16 (sc-81613, Santa Cruz), anti-CCKBR (sc-33221, Santa Cruz), and anti-EGR1 (sc-189, Santa Cruz). For immunohistochemistry, antibodies anti-SLC4A2 (HPA019339, Sigma), anti-Ki67 (RMA-0129, Maixin_Bio, Fuzhou, China), anti-P16 (BA0266, Boster, Wuhan, China), and anti-EGR1 (sc-189, Santa Cruz) were used in this study. For immunofluorescence assay, anti-SLC4A2 (HPA019339, Sigma) and anti-P16 antibodies (sc-81613, Santa Cruz) were used in this study. Gastrin was obtained from ChinaPeptides, China. H 2 O 2 was purchased from Sinopharm Chemical Reagent Company, China. U0126, proglumide, and 5-Fluorouracil (5-Fu) were obtained from Sigma, USA. PD98059 was purchased from Beyotime Institute of Biotechnology, China. EGR1-siRNA (sc-44203) was purchased from Santa Cruz Biotechnology, CA. AE2-siRNA was designed and synthesized by Shanghai GenePharma, China.
Tissue samples
One fresh colon tumor sample was obtained by surgical resection from Shanghai Shidong Hospital in China. The fresh colon tumor tissue and the adjacent normal-appearing non-tumor tissue were used to test AE2 expression by RT-PCR. Paraffinembedded colon cancer specimens resected from 202 patients (89 mucinous adenocarcinoma, 112 tubular adenocarcinoma, and 1 carcinoid tumor) were obtained from Zhenjiang First People ' s Hospital, China. Clinical protocols were approved by the Shanghai Jiao Tong University Ethics Committee.
Immunohistochemistry
Deparaffinized sections were treated with 3% H 2 O 2 and subjected to antigen retrieval by citric acid (pH 6.0). After overnight incubation with primary antibody at 4°C, the sections were incubated 15 min at room temperature with horseradish peroxidase-labeled polymer conjugated with secondary antibody (MaxVision™ Kits) and incubated 3 min with diaminobenzidine. All sections were evaluated by two independent observers (Song and Zeng) unaware of the disease outcome. For Ki67 expression, distinct staining was considered to be positive, regardless of the staining intensity. For AE2, P16, and EGR1, less than 10% expression was considered to represent "loss" (−), and >10% expression were designated (+).
Cell culture and reagent treatment
The following cell lines were used: human colon cancer cell lines SW1116, HT29, SW480, HCT116, LS174T, and Colo205; and human embryonic kidney HEK293T cells (Cell Bank of Shanghai Institutes for Biological Sciences, Shanghai, China). Cells were maintained at 37°C in Dulbecco's modified Eagles medium or RPMI1640 (Gibco) containing 10% fetal bovine serum (Hyclone), 100 units/ml of penicillin, and 100 μg/ml of streptomycin (Invitrogen) in 5% CO 2 . SW1116 cells were treated with drugs (gastrin, H 2 O 2 , U0126, PD98059, proglumide) and examined by immunoblotting.
Plasmid construction
To construct pEGFP-C1-AE2, a 3.7-kb EcoR I-Spe I fragment from PXT7-AE2a [12] was inserted in-frame into pEGFP-C1 plasmid with DNA polymerase I (Klenow) fragment (M0210, New England Biolabs). pGL3-AE2, a human AE2 promoter reporter construct (−769/−64 relative to the initiator codon ATG), was generated by PCR and cloned into the pGL3-Basic vector (Promega, Madison, WI, USA). pEGFP-P16 and pSIREN-P16 plasmids were previously described [13] .
RNA extraction and RT-PCR RNA was extracted from fresh colonic cancer tissue and fresh adjacent tissue with TRIZOL (15596-026, Invitrogen) following the manufacturer's instructions. Reverse transcription was performed with ReverTra Ace-α-(FSK100, TOYOBO). The amplified fragments were resolved by 1% agarose gel electrophoresis with ethidium bromide staining. The primers used for quantitative PCR were as follows: AE2 forward (5′-GTGGACGGCGGTGAGAACA-3′) and AE2 reverse (5′-CGTGAGTGACAGAGCGGACAG-3′) yielded an amplification product 607 nt in length. GAPDH forward (5′-GAAGGTGAAGGTCGGAGTC-3′), GAPDH reverse (5′-GAAGATGGTGATGGGATTTC-3′) yielded a product 226 nt in length.
Immunoblotting
Cell lysates equalized for protein content were loaded onto an 8-12% acrylamide gel, electrophoresed, and transferred onto nitrocellulose membranes. After blocking with 5% nonfat milk for 1 h, primary incubation was performed overnight at 4°C. Blots were incubated with peroxidaseconjugated secondary antibodies for 1 h at room temperature. The immunoreactive bands were visualized by enhanced chemiluminescence reagent.
Luciferase assay SW1116 cells were transiently transfected with the luciferase vector pGL3-AE2 or with empty vector (pGL3). A pRL-TK reporter construct was co-transfected in the cells to normalize for transfection efficiency. Luciferase activity measured by luminometer (Berthold Detection Systems, Pforzheim, Germany) was normalized for transfection efficiency by Renilla luciferase, using a dual luciferase assay kit.
Cell fractionation
Cell fractionation was as previously described [14] .
Immunoprecipitation SW1116 cells were lysed in immunoprecipitation (IP) buffer (20 mM HEPES, pH 7.5, 50 mM KCl, 1 mM EDTA, 1% NP40, 0.2 mM PMSF) and lysates were incubated overnight at 4°C with 1 μg anti-AE2 (AE21-S, Alpha diagnostic Intl Inc, San Antonio, USA) or 1 μg of rabbit IgG. Immune complexes were captured on protein A/G plus-agarose (sc-2003, Santa Cruz) at 4°C for 2 h, washed in PBS (pH 7.4), and analyzed by immunoblotting with anti-P16 antibody (sc-81613, Santa Cruz).
Immunofluorescence assay
Cells were washed twice with PBS, fixed with cold acetone for 15 min, and treated with 0.2% Triton X-100 for 4 min or with 0.5% Triton X-100 for 10 min. After 3 washes with PBS, permeabilized cells were blocked with 5% BSA for 20 min. Cells were incubated with primary antibody for 1 h at 37°C, and then with fluorochrome-conjugated secondary antibody for 1 h at room temperature. After washed three times with PBS, cells were stained with DAPI for 5 min. Following three more PBS washes, cells were observed by fluorescence microscopy.
Manual cell counting
Exponentially growing cells of SW1116 were plated into 12-well plates containing 1 ml medium per well, and medium was changed daily. Cells were digested and suspended in 1 ml medium, mixed well, and 10 μl was removed for cell counting by hemocytometer. The rate of growth inhibition (%) was calculated as 0 (B−A)/B×100, where A is the cell numbers of treated cells and B is the cell numbers of untreated control cells. 
Statistical analysis
Experimental data were analyzed with SPSS 13.0 (SPSS, Inc., Chicago, IL, USA). Comparisons of proportions were evaluated using a chi-square test. Student's two-tailed t test was used to compare data between two groups. Values are expressed as mean±SD. Survival was analyzed by conducting a standard Kaplan-Meier analysis with a log-rank test. Statistical differences with P values less than 0.05 were considered to be significant.
Results
Overexpression of AE2 contributed to progression of colon cancer
One fresh sample of colon cancer tissue with adjacent normal tissue (obtained from Shanghai Shidong Hospital) was used to detect expression of AE2 mRNA. Figure 1a shows that AE2 mRNA was more highly expressed in colon cancer tissue than in adjacent normal-appearing tissue ( Fig. 1a (a) , top right corner). Immunohistochemistry showed that the AE2 protein was strongly expressed on both plasma membrane and in a cytoplasmic distribution in cancerous tissue as compared with adjacent normal areas ( Fig. 1a (a-c) ). AE2 expression was detected histologically in 69.3% of paraffin-embedded (Fig. 1b) . In AE2-positive sections, AE2 staining intensity was also stronger in cancerous than in adjacent normal tissues. (e) Twenty-four patients were followed up for survival to assess AE2 expression as a prognostic factor. Kaplan-Meier survival curves and log-rank test comparing patient groups with colon cancer segregated according to histologic detection of cytoplasmic AE2 expression. AE2-positive cases showed a significantly lower survival rate (63.6%) compared with AE2-negative patients (100%; log rank04.121, P00.042). (f) Thirty-three patients with tubular colon adenocarcinoma were followed up for survival to assess AE2 expression as a prognostic factor. Kaplan-Meier survival curves and log-rank test comparing patient groups with colon cancer segregated according to histologic detection of cytoplasmic AE2 expression. AE2-positive cases showed a significantly lower survival rate (61.1%) compared with AE2-negative patients (100%; log rank04.699, P00.030). AE2 expression in colon cancer sections was compared with expression of nuclear antigen Ki67, a proliferation marker in cycling cells. As shown in Fig. 1c, d , AE2 and Ki67 were both expressed in the same cells in tubular adenocarcinoma. Statistical analysis demonstrated that the AE2 expression significantly correlated with expression of Ki67. Knockdown of AE2 by AE2-targeted siRNA remarkably inhibited the growth of SW1116 cells (Fig. 1e) . To further determine the role of AE2 in proliferation of colon cancer cells, AE2 cDNA was transfected into SW1116 cells. Figure 1f shows that overexpression of AE2 significantly promoted proliferation of SW1116 cells. Clinicopathological analysis of tubular adenocarcinomas with AE2 expression demonstrated that the AE2 expression was correlated with bigger tumor size and poor differentiation state ( Table 1) .
The P16/P-ERK is involved in AE2-promoted proliferation of colon cancer cells
We found previously that the AE1 C-terminus interacts with tumor suppressor P16 to sequester and inactivate it in the cytoplasm of gastric cancer cells [14, 15] . The 60% amino acid identity between the C-terminal cytoplasmic tails of AE1 and AE2 suggests that P16 may also bind to the AE2 C-terminal region. To test this, co-IP experiments was performed and the results confirmed interaction of P16 and AE2 proteins (Fig. 2a) . To explore how AE2 and P16 contribute to proliferation of colon cancer cells, AE2 was overexpressed in SW1116 cells and the expression levels of β-catenin and ERK were tested. The Wnt/β-catenin signaling pathway has been strongly linked to the pathogenesis and progression of colon cancer [16, 17] , and we hypothesized that the components of this signaling pathway may be regulated in part by AE2. In addition, AE2 expression correlated with MEK/MAPK pathway activity during mouse oocyte meiosis [18] . Indeed, AE2 overexpression elevated the levels of cyclin D1, P16, and phosphorylated ERK, but did not affect expression (Fig. 2b) or localization (data not shown) of β-catenin. Relative expression of P-ERK and P16 (normalized to β-actin) was statistically analyzed in Fig. 2c . The increased P16 was accumulated in the post-nuclear cytoplasmic fraction of SW1116 cells (Fig. 2d) .
Cytoplasmic P16 altered membrane trafficking of AE2 in colon cancer cells, correlating with poor patient prognosis To explore the role of cytoplasmic P16 in colon cancer cells, P16 was knocked down by P16-targeted shRNA in SW1116 cells. Figure 3a shows that pSIREN-P16 vector transfection strongly suppressed P16 expression in three independent experiments. Reduction of P16 levels promoted AE2 trafficking to the SW1116 cell plasma membrane (Fig. 3b) .
To further clarify the relationship between the AE2 and P16, expression of P16 was assessed by immunohistochemistry in 198 colon cancer specimens and 110 para-cancer tissues. P16 staining was detected in 181 of the 198 colon cancer specimens, a significantly higher proportion than in para-cancer tissues (86/110; Fig. 3c) . A cytoplasmic distribution of P16 was observed in 171 specimens, and cytoplasmic P16 was closely correlated with AE2 expression (Fig. 3d) . KaplanMeier survival analysis demonstrated significant differences in prognosis between 11 patients with AE2-positive tumors and 13 patients with AE2-negative tumors (with all tumor sizes below median value). Patients (63.6%) with AE2-positive cancers was alive after the follow-up survey, whereas 100% of AE2-negative patients survived (log rank04.121, P00.042, Fig. 3e ). Significant differences in prognosis of 33 patients with tubular adenocarcinoma were also observed as a function of tumor AE2 expression (Fig. 3f) .
The cytoplasmic localization of P16 may be important for understanding the role of P16 in carcinogenesis. Therefore, HEK293T and SW1116 cells were transfected with P16 expression constructs. After 24 h, P16 was expressed in the nucleus in HEK293T cells but in cytoplasmic regions in SW1116 cells (Fig. 3g) . P16 downregulated cyclin D1 expression, but did not change ERK level in HEK293T cells. These data are consistent with nuclear P16 acting as a tumor suppressor in normal HEK293T cells. In contrast, cytoplasmic P16 in SW1116 cells likely promotes carcinogenesis through increasing ERK phosphorylation and expression of cyclin D1 (Fig. 3h, i) .
EGR1 induced the overexpression of AE2 in colonic cancer cells
We applied bioinformatics analysis to identify candidate transcription factors responsible for AE2 expression in colon cancer cells [19] . EGR1 was defined in both bioinformatics analysis and luciferase promoter assays as a transcription factor which upregulates AE2 promoter activity (Fig. 4a, b) . EGR1 immunohistochemistry in the same colon cancer specimen used for histological detection of AE2 demonstrated strong EGR1 expression in 90% of cancer specimens (Fig. 4c) . Knockdown of EGR1 decreased expression of both AE2 and P-ERK (Fig. 4d, e) . Although EGR1-targeted siRNA did not affect P16 expression, reduction of EGR1 promoted the translocation of P16 from cytoplasm to the nucleus (Fig. 4f) . These results suggest a novel signaling pathway linking EGR1, AE2, P16, and P-ERK in colon cancer cells.
Gastrin inhibits growth of colon cancer cells by inhibiting the EGR1/AE2/P16/P-ERK signal pathway
We previously reported that gastrin inhibited the growth of gastric cancer cells [13] . The present results show that gastrin inhibited the growth and clone formation of colon cancer SW1116 cells after 10 days' treatment, accompanied by downregulation of AE2 and cyclin D1 (Fig. 5a, b) . Gastrin also suppressed the expression of EGR1 and P16, and blocked the H 2 O 2 -induced phosphorylation of ERK [20] (Fig. 5c) . The results demonstrated that gastrin inhibits proliferation of colon cancer cells, at least partially through suppression of the EGR1/AE2/P16/P-ERK pathway, a result confirmed by treatment of SW1116 cells with ERK inhibitors (U0126 or PD98059) or with 5-Fu (Fig. 5d, e) , an agent in clinical use for treatment of colon cancer. The results are consistent with the possibility that 5-Fu acts at least partially through inhibition of AE2 expression. Cotreatment of SW1116 cells with gastrin and proglumide, an antagonist of gastrin receptor (Cholecystokinin B receptor, CCKBR), abolished the action of gastrin on upregulation of AE2, suggesting that gastrin inhibits AE2 expression through CCKBR-dependent pathways (Fig. 5f ). Four of six tested colon cancer cell lines express CCKBR as detected by immunoblot (Fig. 5g) , suggesting the possibility that the gastrin can be used for inhibition of colon cancer. Figure 6 illustrates the proposed EGR1/AE2/P16/P-ERK signaling pathway in a colon cancer cell.
Discussion
EGR1 is a transcription factor implicated in tumor progression and apoptosis in response to diverse stimuli mediated by EGR1 target genes such as TNF-α, p53, Rb, and Bax [21, 22] . Studies have found that EGR1 is constitutively expressed at a relatively high level in colon carcinoma cell lines and upregulated at the mRNA level in early-onset colorectal cancers [23] [24] [25] . However, no information is available about EGR1 expression or signaling in primary colon cancers. Our data presented here demonstrate that EGR1 was highly expressed in 90% of advanced colon cancer tissues, as compared with para-cancer tissues. The data suggest that EGR1 contributes to proliferation of colon cancer cells in part by promoting AE2 expression. Clinicopathological analysis demonstrated that AE2 expression was correlated with bigger tumor size, with poor tumor differentiation state, and with shortened patient survival time.
AE2-mediated Cl − /HCO 3 − exchange supports anion secretion in colon [7, [26] [27] [28] . However, regulation of AE2 polypeptide expression and potential additional functional roles in normal colon epithelium remain unclear. As for EGR1, we found that expression of AE2 protein was also increased in colon cancer tissues, and especially in tubular [18] . In addition, AE2 was noted to be increased in hepatic cancer and decreased in gastric cancer, suggesting potentially varied roles for AE2 in tumorigenesis [8] [9] [10] , although unlinked to any known signaling pathway. Our data demonstrated that AE2 can contribute to carcinogenesis through cytoplasmic sequestration of P16 in colon cancer cells. P16 is an important factor linked to senescence and tumor suppression, commonly believed to act in the nucleus. However, P16 protein is cytoplasmically localized in several cancer cell types, including cervical, gastric, breast, lung, and prostate [29] [30] [31] [32] [33] . We previously reported that binding of cytoplasmic P16 to the AE1 C terminus is related to gastric carcinogenesis [14] . In the present paper, we show that AE2 and P16 also interact and are co-expressed in cytoplasmic regions of colon cancer cells.
How might the cytoplasmic interaction of AE2 and P16 promote proliferation of colon cancer cells? We show for the first time that expression of AE2 and P16 in cytoplasm in colon cancer cells activated the ERK signaling pathway, which may be a crucial early event in AE2-associated colon cancer. Early research on colon carcinogenesis focused attention on abnormal activation of the APC/β-catenin signal pathway. We found that β-catenin was not affected by AE2 expression, further supporting a role for AE2-associated cell proliferation through activation of the ERK pathway. ERK is the best characterized component of the MAPK signaling pathway, which plays a critical role in regulation of cell proliferation [34] . Recent reports have shown that ERK addiction drives survival of certain intestinal epithelial cell lines and intestinal tumorigenesis in Apcmin/+ mice [35] suggest that ERK signaling can be more important than APC deficiency in malignant transformation of colonic epithelium. We have thus far no evidence of a direct interaction between P16 and ERK, and further investigations are needed to elucidate the relationship between P16 and enhanced ERK phosphorylation. P16 induced upregulation of cyclin D1 and phosphorylation of ERK in colon cancer cells but not in HEK293T cells, suggesting an indirect activation of the ERK pathway by P16.
The gastrointestinal hormone gastrin binds to CCKBR to stimulate acid secretion under physiological conditions. Intriguingly, gastrin suppresses the growth of both gastric cancer and colon cancer cells through up-or downregulation of AE2. In gastric cancer cells, gastrin downregulates the interdependent expression of AE1 and P16, and removes the block for AE2 trafficking to the plasma membrane (unpublished). In colon cancer, gastrin directly suppresses expression of EGR1, AE2, and P16 and inhibits ERK phosphorylation. Taken together, the data presented in this paper provide insight into a new signaling pathway with implications for a potentially novel therapeutic approach to the treatment of colon cancer.
